Direct nucleotide repeats can facilitate deletions of segments of mitochondrial genome 1 , leading to a wide range of neuromuscular disorders 1,2 as well as aging 2,3 in humans. We hypothesized that the number of the direct perfect repeats in human mitochondrial genomes influences longevity through the formation of harmful mtDNA deletions in the somatic cells. The analysis of the complete mitochondrial genomes of 762 unrelated Japanese individuals 4-6 reveals a negative correlation between the abundance of the direct perfect repeats and the expected longevity. This association is largely due to the disruption of the common repeat (8470,13447) by a point mutation 8473C which occurred at the origin of the D4a haplogroup characterized by extreme longevity in Japan 7 . Our results provide the first evidence for correlation between the number of nucleotide repeats and the lifespan on intraspecific level.
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Similarly, the mtDNA repeats promote occurrence of harmful deletions in the mitochondrial genomes of somatic cells. Such mutated mitochondrial genomes are favored by intracellular selection, which amplifies the deleterious effect of the repeats for the organism. Since the probability of deletions relates to mtDNA replication events, and intracellular selection takes some time the deleterious effect of mtDNA repeats might be delayed until late in life 2, 3, 13 . Therefore, selection against direct repeats can be expected to be stronger in long-lived animals than in shortlived ones. Indeed, a negative correlation between the number of the direct mitochondrial repeats and the maximal lifespan of mammalian species has been shown recently 14, 15 .
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Here we hypothesized that the number of the direct perfect repeats in human mitochondrial genomes influences longevity through the formation of harmful mtDNA deletions in the somatic cells. To test this hypothesis, we analyzed the fully sequenced mitochondrial genomes of 762 unrelated Japanese individuals with known ages of sampling of blood for mtDNA analysis 5, 6 .
In each genome, we identified all direct perfect repeats of length 13 bp or more in which both copies of the repeat are located within the same (major or minor) arc of mtDNA 16 The number of the direct repeats has a significant negative correlation with age (Kendall's tau = -0.049, P = 0.0225, N =762). To analyze this effect in more detail, we split the population into two parts depending on whether the patient was younger ("young", N=366) or older ("seniors", N=376) than the median age of 64 years in our population. The negative correlation between the age and the number of the repeats was highly significant in the seniors (Kendall tau = -0.08733382, p = 0.005729) but not in the young (Kendall tau = -0.03316608, p = 0.1718), suggesting that the effect of the repeats is constrained to late in life.
We determined the effect of each of the 17 individual repeats separately by multiple linear regression. Two repeats had a significant effect on age: acctccctcacca(8470,13447) (P = 0.0122) and atacttcctattc(11200,15562) (P = 0.0390), both on the major arc. The former is a frequent and well known common repeat 1, 8 , while the latter is a rare repeat observed only in two individuals in our sample (Supplementary Table 1, Supplementary Figure 1 online) .
Since these two repeats are the major determinants of age, we studied their effect on longevity in more detail. The subpopulation without either of these repeats reveals a significant excess (P = 0.01, two-sided Fisher's exact test) of centenarians and super centenarians (25 of 61, 41.0%), compared to the rest of the population (178 of 701, 25.4%). The survival curves between the two subpopulations were significantly different (P < 0.01, Cochran-Mantel-Haenszel ChiSquared Test; Fig. 1) , with the average expected lifespan of the individuals without these repeats (92.2 years) being 4 years longer than in individuals with either of these repeats (88.3 years).
To understand the evolutionary dynamics of these two repeats, we reconstructed the phylogenetic tree (Supplementary Figure 2 online) and assessed their phylogenetic distribution. The analyzed Japanese population was stratified by several disease-specific groups:
individuals with Parkinson's disease, individuals with Alzheimer's disease, young obese males and type-2 diabetes individuals with or without severe vascular involvement. To assess the possible contribution of the diseases to our analysis, we performed a multiple logistic regression, using patient's age, sex and disease group to predict the presence or absence of these two repeats. Again, only age emerged as a significant factor (P = 0.0363), while neither sex nor belonging to any of the disease groups were associated with presence or absence of the repeats.
D4a is a Japanese haplogroup well known for its unusual longevity. Several works [4] [5] [6] [7] analyzed the mtSNPs characteristic of this haplogroup without accounting for the possible link between the repeat abundance and longevity. The most recent and extensive study 7 of the association between the mtSNPs and longevity of the D4A haplogroup revealed four mtSNPs of strong effect, including the repeat-disrupting 8473C mtSNP, although the authors conservatively denied them function based on the strong phylogenetic clustering of the corresponding phenotypes evident of phylogenetic inertia. However, phylogenetic signal per se is not an evidence for the lack of functional significance. Indeed, all rare advantageous mutations in maternally inherited mitochondrial genome will have a strong phylogenetic signal.
Instead, our observations of the association of the two mitochondrial repeats with longevity and the few independent events of loss of the common repeat, together with the known deleterious effect of the repeats [1] [2] [3] 13, 16 , indicate that the 8473C mtSNP caused by a mutation at the synonymous position of ATP8 gene is the main factor contributing to the longer lifespan of the D4a haplogroup, and point to the disruption of the nucleotide repeat as the likely mechanism of its effect.
Most deletions in human mtDNA appear to be caused by the (8470,13447) repeat 16 . It has been suggested that this common repeat is the principal factor behind the formation of most deletions, irrespective of the precise deletion breakpoint, and that the disruption of this repeat will substantially reduce the chance of forming most mtDNA deletions 16 . The effect of the loss of the repeat in the human population is consistent with this hypothesis: even a single nucleotide substitution in the repeated segment is sufficient to significantly increase the lifespan, probably by reducing the total deletion score. The deleterious somatic effect of the nucleotide repeats makes it important to consider the effect of mtDNA mutations on abundance of nucleotide repeats in searching and explaining the associations between mtSNPs and phenotypes. 
